The physiological variations in serum TSH concentration have been investigated using an enzyme amplified immunoassay with improved sensitivity and precision. Blood samples were collected at regular intervals from 10 healthy
volunteers during the period 1800 h to moo h. Spectral analysis followed by periodic regression analysis demonstrated significant serum TSH pulsatility with periodicities of 60 or 85-100 min. In addition. a significant (P«).()Ol) evening rise in serum TSH concentration was demonstrated in all subjects. with levels rising at around 21·30-22·00 h.
Many pituitary hormones. for example prolactin, growth hormone and adrenocorticotrophin hormone. are known to show diurnal rhythms and in some cases pulsatile release. Investigation of luteinising hormone (LH) has shown that large pulses occur every 60-120 min, I although the pulsatility and the diurnal rhythm vary with the stage of puberty and menstrual cycle.? Recently, smaller more rapid LH pulses have been identified using the sophisticated statistical technique of spectral analysis." Although diurnal rhythms have been demonstrated for TSH. 4 the investigation of possible TSH pulsatility has been limited by relatively imprecise and insensitive radioimmunoassays. In preliminary studies" using a sensitive immunometric assay we have shown TSH pulsatility in euthyroid subjects. Greenspan et al.( . have confirmed the phenomenon. although they employed a less sensitive method of pulse detection.
This extended study has investigated the physiological variations in TSH in normal subjects by applying spectral analysis techniques to data obtained by using an immunometric assay with improved sensitivity and precision. Road. Cambridge CB2 2QR UK. eight male. age range 24-44 years) were studied with their consent. Blood was collected using an in-dwelling venous cannula with a heparin flush from six of the subjects every 15min from 1800h to OlOO h. In a further four subjects blood was collected every 10 min from 1800 h to 2200 h and then half-hourly until OlOO h. During the study. subjects were awake and mobile in a warm room but did not exercise. A normal evening meal was taken but the consumption of beverages containing caffeine or alcohol was not permitted. None of the subjects were smokers.
Subjects and methods

SUBJECTS
METHODS
Serum TSH concentration was measured using an enzyme amplified immunoassay [10 (Bio) Ltd .• Milton Road. Cambridge. UK] which uses two monoclonal antibodies to TSH, one bound to solid phase and the other being labelled with alkaline phosphatase which is measured by an enzyme amplification system." Prior to this study the assay was evaluated fully in this laboratory" and others.'} The assay has a detection limit of ()·04 mUlL (calculated as the mean plus three standard deviations of the zero) and of 0·018 mUlL (calculated by the method of Ekins lU from assay duplicates using one standard deviation). It is calibrated against the second International Reference Preparation 80/558. The within batch precision (coefficient of variation) is 3·1, 3·9 and 7·1% at TSH concentrations of 1·28, 3·46 and 10·02 mUlL. The working range of the assay (between batch 470 coefficient of variation < IO'Yo) was found to be ()·13-24·() mU/L. ll The normal reference range is 0·4-4·0 mUlL as determined from analysis of serum from blood donors collected during a morning blood donation session (11= 108; 54 women, 54 men; age range 17-65 years). All samples from a given individual were analysed within a single batch in order to minimise assay imprecision.
All samples were also analysed for serum albumin concentration using an automated bromocresol purple dye binding method I I as a check on the quality of specimen collection. Any sample with a marked difference in serum albumin concentration of greater than 2 g/L was not included in the data analysis, as this might indicate either venous stasis or sample dilution. Only one sample, the first collected from one subject, was rejected for this reason.
ST ATlSTlCA L M ETlHl I>S
For each subject, the serum TSH values for the evening/night period were analysed using several statistical methods. A rank correlation coefficient was calculated between the TSH results and time to give a test of trend for each subject's results. The sequence of TSH values was then smoothed using running rneans'r' so as to give a visual impression of any periodicity which might be present in the data (Fig. 1 ).
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where y, represents the TSH value observed at time t on a given subject and c5,=1 I<T c5,=O I>T was then used to explain diurnal variation. Thus, for t-ci, the model will be y,=a+{31+(I-T)+e, and for t<'t it will be y,=a+P.z (I-T)+e r At I=T both models givey,=a and consequently the overall model consists of two different straight lines with slopes PI and p.z which intersect at I=T, y,=a. The parameters a, T, PI and f32 were estimated by the method of least
were formed and a spectral analysis was performed on residuals corresponding to values of t taken at equal intervals and starting at 180() h. 13 In spectral analysis the main objective is to estimate the spectral density function. This function is introduced to enable data which are a sequence of readings in time to be explained by a potentially infinite number of cycles each having a different frequency. In practice the spectrum usually shows either a featureless form indicating no clear periodicity or one or more dominant peaks indicating periodicity with the corresponding frequency. Spectral analysis should give some indication of the periodicity of any pulsatility in the data but it is possible, that, because of the two-stage nature of the analysis conducted here, some spurious periodicity might apparently be detected. To safeguard against reporting spurious periodicities and also to give a fitted model for the data a periodic regression analysis or harmonic analysis, assuming a model: ::: (Fig. 2) . The parameters a, 13 .,132, r, a•... a p ' b, ... b p were all estimated by the method of least squares. A significance test of the hypothesis a r= br=O will enable the existence of periodicity Tr to be confirmed or denied.
Results
From the rank correlation coefficients and from the comparison of slopes of the two periods of linear drift all 10 subjects showed a highly significant evening rise in serum TSH concentration (P<O·OOI for each subject) ( Table 1) . Lower concentrations were found during the period 1800 h to 2000 h rising at approximately 2200 h. Eight subjects showed this variation within the reference range of the assay (0·4-4·0 mUlL). In one subject the last three samples collected at night had concentrations slightly higher than the upper limit of normal.
Another subject with a serum total T4 of 105 nmoVL (normal range 65-145 nmoVL) showed a clear diurnal rhythm (P<O·OOl) but serum TSH concentrations in the range 6·0-9·0 mUlL. Further investigation suggested a diagnosis of early primary thyroid failure with an excessive serum TSH response to the i.v, administration
Pulsatile secretion of TSH 473 of 200 ",g of thyrotrophin releasing hormone (TRH) (TSH=27 mUlL at 20 min, normal range for men<20 mUlL) and a positive titre (1/25,600) of serum thyroid microsomal antibody. All 10 subjects showed some peaks of TSH . above the baseline. In six of the subjects spectral analysis followed by periodic regression analysis showed statistically significant, regular pulsatility with periodicities of 60 and 85-100 min ( Table 2 ). The multiple correlation coefficients (R). calculated from the periodic regression analysis. quoted give a measure of how well the periodic regression model with the two portions of linear drift and the stated periodicities fits the data. A value of R= I would indicate a perfect fit of model to data. The time of the change from one linear drift to another used in the analysis minimised the residual sums of squares. The P value quoted gives the significanceof the periodic component (the pulsatility) only in that model. The pulsatilities detected were also present. but not as distinct. in a spectral analysis where no allowance or correction was made for diurnal rhythm.
The subject subsequently shown to have a positive thyroid autoantibody titre and an abnormal TSH response to TRH was one of those subjects with statistically significant pulsing. F.igures 3 and 4 show the TSH values for two of the subjects, together with the detected pulses in TSH concentration. The remaining four subjects showed some indication of TSH pulsatility, but this did not reach statistical significance.
Discussion
This study has investigated, in normal subjects, physiological variations in serum TSH concentration, looking particularly for evidence of pulsatile secretion and evening rise. The use of a more precise and sensitive immunometric assay for serum TSH minimised any analytical variation and the measurement of serum albumin concentration in all the samples eliminated artefacts due to poor specimen collection.
The diurnal changes in TSH suggested by earlier workers" were confirmed, all subjects showing a significant increase in TSH levels after 2130-2200 h (Table 1) . However, the timing of the specimen collection did not permit the definition of the time at which the late evening rise reached its maximum.
Having demonstrated a significant rise in serum TSH concentration a model of a periodic component superimposed on two periods of linear drift was used to investigate the possibility of small pulses ofTSH release superimposed on the fairly large evening rise. By means of spectral analysis. significant pulsatile release of serum TSH with periodicities of 60 or 85-100 min has been demonstrated in six of the 10 subjects. The remaining four subjects also showed some indication of TSH pulsatility but this did not reach statistical significance, possibly because the pulses are either too small or too irregular to be detected by a statistical model that assumes regular pulsatility.
Seven subjects showing a dominant perio-dicity of 85-100 min and three a dominant periodicity of (iO min. Although there was some evidence to suggest that both periodiocities might exist in some subjects this was only significant for one subject. However, studies of pulsatile LH secretion by spectral analysis have revealed more frequent small amplitude pulses in addition to the larger pulses with a periodicity of 90-120 min. Increased frequency of sampling would he necessary to allow a more precise definition of the periodicity. Greenspan et af. () using a less sensitive radioimmunoassay for serum TSH also demonstrated TSH pulsatility in euthyroid subjects with a group mean pulse frequency of 13 pulsesl24 h (range 10-18 pulsesl24 h). This slightly lower pulse frequency may reflect the less sensitive method of pulse analysis used in their study as other workers" have found that spectral analysis which analyses a series of results with time is a more sensitive technique of pulse detection.
The assumption that diurnal changes can be modelled hy two periods of linear drift is only an approximation: we would expect a smooth rhythmic cycle with periodicity of 24 h. However. any discrepancy hetween the true and assumed model would, at worst, suggest the existence of spurious pulsatility of about 200 min periodicity. These were not found. Furthermore. the pulsatilities detected were also present, but not as distinct, in a spectral analysis when no allowance or correction was made for a diurnal rhythm.
It was of interest that the suhject with asymptomatic early primary thyroid failure also showed a clear diurnal rhythm of serum TSH concentration with significant periodic pulsing (P«HKH) and although this observation requires confirmation it is consistent with the persistent pulsatile release of Ll l seen in patients with primary gonadal failure.!" Thyrotrophin releasing hormone (TRH) is responsible for synthesis and release of TSI I hy the thyrotrope and also adjusts the setpoint for negative feedhack of thyroidal hormones at the pituitary." Recently it was reported that continuous intrathecal infusion of a pharmacological dose of TRI I for 30-36 weeks significantly increased basal TSH and thyroidal hormone concentrations. If> However, continual infusion reduced thyrotrope sensitivity to TRH as the response to acute administration of SOO ug of TRI I was decreased by 60'X). Furthermore, the setpoint for TJT3 negative feedback was not increased as when the TRI I infusion was discontinued basal TSH concentrations fell Pulsatile secretion of TSH 475 rapidly to subnormal values. Thus the pulsatile release of TSH, shown in the present study, may reflect the pulsatile release of TRH in a manner similar to that for gonadotrophin releasing hormone. Such periodicity may be necessary to prevent loss of thyrotrope sensitivity to TRH and thus maintain its capacity to increase TSH secretion and modulate the effect of thyroidal hormones on the thyrotrope. These hypotheses could be further tested by studying the effect on TSH puisatility and amplitude of continuous versus pulsatile TRH administration in experimental or clinical isolated TRH deficiency. In addition, changes in the pattern of TSH pulsatility could be studied in situations where TSH secretion is known to alter, such as the late evening rise, severe illness or starvation.
In conclusion, the use of a more precise method for the measurement of serum TSH concentration and of the sophisticated statistical technique of spectral analysis has demonstrated both pulsatile release and a diurnal rhythm of serum TSH concentration in normal subjects. However, the physiological significance of these observations awaits further study.
